1. Introduction
===============

Influenza is a highly contagious, acute viral respiratory disease, which causes significant morbidity and mortality worldwide each year [@bib1], [@bib2], [@bib3]. Influenza viruses are single-stranded ribonucleic acid (RNA) viruses surrounded by a lipid containing envelope spiked with two glycoproteins: hemagglutinin (HA) and neuraminidase (NA). These glycoproteins, and HA, in particular, have been recognized as key antigens in the host response to influenza virus in both natural infection and vaccination [@bib4], [@bib5]. The viruses are well known for their ability to mutate to circumvent immunity and re-infect the host. An antigenic shift, a major antigenic change of the virus due to the genetic re-assortment of two subtype strains that co-infected a host, can cause an influenza pandemic since the population may have no inherent immunity against the new strain [@bib6], [@bib7]. The avian influenza A (H5N1) epizootic outbreak and numerous human infections with H5N1 in Asia in recent years, and events such as the infection of two nurses attending to avian influenza patients in Vietnam (WHO, March 14, 2005) and a possible person-to-person transmission in a family cluster of the disease in Thailand [@bib8], continue to raise concern that the next influenza pandemic is imminent.

A proven, effective way to combat influenza is through vaccination of the public using the trivalent vaccine produced in embryonated chicken eggs. In the current process, three influenza strains selected by WHO/CDC are propagated in chicken eggs, chemically inactivated, and semi-purified. The egg-based technology, however, is unable to respond to a pandemic crisis. Vaccine development and production take several months following the identification of potential strains and typically requires the re-assortment with a high yield strain to obtained adequate growth properties [@bib9], [@bib10], [@bib11], [@bib12]. A minimum of 3--6 months is needed to develop an influenza vaccine using this approach. More importantly, the H5 avian influenza strains responsible for recent epizootic outbreak involving numerous human infections are lethal to chicken eggs used for vaccine production and to the chickens that lay the eggs. If the 2003 severe acute respiratory syndrome (SARS)-coronavirus outbreak serves as a guide, the next influenza pandemic will likely have global consequences spreading within weeks, if not within days. Thus, a system that can rapidly produce new influenza vaccine is needed to prevent or to effectively reduce the impact of pandemic influenza.

Two new approaches have shown great promise to replace the egg-based technique [@bib9], [@bib10], [@bib11]. One is cell culture-based, and the other is recombinant protein (antigen)-based. The cell culture-based approach involves production of influenza viruses in cell culture followed by the current (egg-based) virus inactivation and purification for the down stream processing. The advantages are: cell cultures are easier to handle and can be scaled up in a short period of time, and the influenza vaccines produced with this approach have been tested in Phase I and Phase II clinical trials and were found to be safe and at least as effective as the vaccines produced in embryonated chicken eggs [@bib13], [@bib14], [@bib15]. A limitation of the cell culture-based approach is that the process still requires the production of a high-yielding re-assorted virus. This process also may introduce cell line specific mutations in the genes that can lead to the selection of variants characterized by antigenic and structural changes in the HA protein, potentially resulting in less-efficacious vaccines [@bib16], [@bib17], [@bib18]. Additional hurdles include: the production and handling of a dangerous virus requires the availability of a high containment facility; mammalian cells can harbor animal viruses that may lead to safety concerns; the residues from the expressing cells may cause some unknown side-effects since no thorough purification process has been introduced into the manufacturing process. On the other hand, the recombinant protein-based approach involves production of viral antigens such as HA and NA in cell culture with recombinant DNA technology and utilization of the purified antigens as the active ingredients in the vaccine. The rHA influenza vaccines developed using the baculovirus-insect cell expression system has been tested in several Phase I and Phase II human clinical trials involving over 1200 subjects that demonstrated safety, immunogenicity and efficacy [@bib19], [@bib20], [@bib21], [@bib22], [@bib23]. In elderly adults, rHA vaccine is equally or more immunogenic than the egg-based vaccine (Treanor JJ, et al. Dose-related safety and immunogenicity of a trivalent baculovirus-expressed influenza virus HA vaccine in elderly adults, manuscript in preparation). Interestingly, two H1N1 rHA vaccines (derived from two strains of A/New Caledonia/20/99 or A/Texas/36/91) provided partial protection against the lethal challenge of a reconstructed highly lethal 1918 pandemic influenza virus (also a H1N1 strain) in mice, suggesting that cross protection against drifted strains is definitely feasible [@bib24].

To meet the challenge of a potential influenza pandemic, however, a reliable expression system and a quick, efficient downstream purification process are needed. In this communication, we reported a rapid process capable to purify rHA (H1N1, A/New Caledonia/20/99) from the fermentation to 95% purity within 6 h with a 57% overall yield. Since all chromatographic media used here are chemically stable and commercially available, the process can be easily scaled up in a GMP facility. Various biochemical analyses indicated that the purified rHA is properly folded and biologically active. In addition, we also developed a quick, simple analytical assay to monitor the expression of rHA in the insect cell fermentation to ensure the rHA production.

2. Materials and methods
========================

2.1. Cloning and expression of influenza HA
-------------------------------------------

The influenza vaccine strain-A/New Caledonia/20/99 (H1N1)---was obtained from the CDC. The full-length HA gene (containing the HA1 and HA2 genes) from the influenza viruses was cloned using RT-PCR and inserted into a baculovirus transfer vector developed by Protein Sciences Corporation. This specialized vector contained the promoter from the baculovirus polyhedrin gene flanked by sequences naturally surrounding the polyhedrin locus. Next, the transfer vector was co-transfected into insect cells with the linearized baculovirus genomic DNA (*Autographa Californica Nuclear Polyhedrosis* Virus) depleted of the polyhedrin gene and part of an essential gene downstream of the polyhedrin locus. The homologous recombination between the transfer plasmid and the linearized viral DNA rescued the virus, resulting in recovery efficiencies of recombinant virus of nearly 100%. Recombinant viruses were then selected by plaque assay. The plaque-derived recombinant baculovirus was then used to create a virus stock by infecting increasingly larger cultures of the proprietary insect cells (*expres*SF+^®^, derived from Sf9 cells) in serum-free culture medium (Protein Sciences Fortified Medium). The virus stock was then used to infect insect cells (2.0 × 10^6^  cells/ml) to produce rHA in a 15-liter Applikon bioreactor. The multiplicity of infection (MOI) of the virus stock was 1 for the experiment.

To monitor the infection process and the expression of HA, 4 ml samples were taken from the bioreactor at various times. One millilitre was used for analyzing the changes in cell density, cell viability and cell size distribution. Two millilitres were centrifuged at 1600 rpm. The supernatant and pellet were stored separately at −80 °C to be used for SRID, gel and blot analysis. One millilitre was used for hemadsorption analysis. The rest was used for protein purification.

2.2. Hemadsorption assay
------------------------

To 0.5 ml fermentation samples (insect cells uninfected, infected with recombinant baculovirus containing HA genes, and infected with recombinant baculovirus containing a non-HA gene) in a 1.5 ml Eppendorf tube, 0.10 ml of 5% chicken red blood cells (Charles River--Spafas, North Franklin, CT) in PBS was added and shaken gently for 10 min at room temperature. At the end of incubation, the tube was flipped gently for five times to get a homogenous suspension. Then, 10 μl of the suspension was pipetted on a glass plate and observed under a microscope (CK2, Olympus Optical Co., Japan) in three representative view fields. On average, about 20--70 insect cells were counted in each field. To reduce the chance of false positives, only the insect cells attached by three or more RBCs were counted as the RBC-bound insect cell. The percentage of RBC-bound insect cells against the total insect cells in each time point was calculated from three fields.

2.3. Cell analysis
------------------

At each time point, 1.0 ml of fermentation sample was analyzed with an automated cell analyzer (Cedex AS20, Innovatis GmbH, Germany) for cell density, cell viability and cell size distribution using the procedure described by the manufacture.

2.4. Buffers and columns
------------------------

Buffer A: 20 mM sodium phosphate, 1.0 mM EDTA, 0.01 % Tergitol-NP9, 5% glycerol, pH 5.89. Buffer B: 20 mM sodium phosphate, 0.03 % Tergitol, 5% glycerol, pH 7.02. Buffer C: 20 mM sodium phosphate, 150 mM NaCl, 0.03% Tergitol, 5% glycerol, pH 7.02. Buffer D: 40 mM sodium phosphate, 0.05% Tween-20, 5% glycerol, pH 7.20. Buffer E: 100 mM sodium phosphate, 0.05% Tween-20, 5% glycerol, pH 7.20. Buffer F: 500 mM sodium phosphate, 0.05% Tween-20, 5% glycerol, pH 7.20. Buffer G: 10 mM sodium phosphate, 150 mM NaCl, 0.01% Tween-20, pH 7.22. Sanitation buffer: 1.0 M NaCl, 0.5 M NaOH.

UNOsphere-Q (Bio-Rad, Hercules, CA) column, ø 1.6 cm × 10 cm, 20 ml; SP-Sepharose Fast Flow (GE/Amersham/Pharmacia, Piscataway, NJ) column, ø 1.6 cm × 10 cm, 20 ml; Hydroxyapatite Type I column (HX-I, Bio-Rad, Hercules, CA), ø 1.0 cm × 4.6 cm, 3.6 ml.

2.5. Purification procedure
---------------------------

The fermentations producing rHA were harvested by centrifugation at 56--65 h post-infection. The cell pellet (6.4 g) was extracted with 225 ml of 1% Tergitol NP-9 in buffer A by stirring on a magnetic stirrer at 4 °C for 30 min. The extract was clarified by centrifugation at 10,000 ×  *g* for 25 min. The supernatant was loaded on Q/SP columns (equilibrated with Buffer A) in tandem at 5 ml/min. After loading, the columns were washed with 140 ml of Buffer A. Then, the columns were disconnected. HA was eluted from the SP column with 140 ml of buffer B and 80 ml of buffer C, consecutively. The Q/SP columns can be regenerated by washing with 5 column volumes (CV) of sanitation buffer and 5 CV of water and equilibrated with 5 CV of buffer A.

The HA fraction in buffer B (40 ml) was loaded on a HX-I column at 2 ml/min. The column was washed with 18 ml of buffer B. The HA was eluted from the HX-I column with increasing phosphate concentration (buffers D, E and F). The HA preparation in buffer D was further purified and concentrated by ultrafiltration with a stir cell using a 100 kDa MWCO regenerated cellulose membrane with buffer G. The HX-I column can be regenerated by washing with 10 CV of water, and equilibrated with 10 CV of buffer C.

2.6. Single radial immunodiffusion (SRID)
-----------------------------------------

The rHA contents in all preparations were determined with SRID assay as described by Williams [@bib25] and Manchini et al. [@bib26]. The assay is based on the diffusion of rHA into a 1% agarose gel containing antibodies against the HA. The interaction between antigen and antibody produced a precipitation ring of which the size was directly proportional to the amount of antigen applied. The diameters of the rings in the SRID assays were determined with a measuring magnifier (Baush/Lomb, 81-34-38). The diameters of the precipitate ring were used to determine the actual concentrations based on standards provided by the Center for Biologics Evaluation and Research of FDA.

2.7. Deglycosylation
--------------------

For complete deglycosylation, 20 μg of purified rHA was deglycosylated with 5000 units of peptide-*N*-glycosidase F (PNGase F, New England BioLabs, Beverly, MA, USA) or Endoglycosidase H (Endo H, New England BioLabs) at 37 °C for 60 min as described previously [@bib27]. For limited deglycosylation, 20 μg of rHA was treated with 0.2 μg of trypsin on ice for 30 min. The digestion was stopped by adding 10× denaturing buffer and boiling for 5 min. Then the trypsin treated rHAs were deglycosylated with 2, 20 or 200 units of PNGase F or Endo H on ice, at 25 °C or at 37 °C for 2--60 min. The reactions were stopped by adding 2× SDS sample buffer and boiling for 5 min. The protein species at various deglycosylation stages were resolved on SDS--PAGE.

2.8. Other biochemical analyses
-------------------------------

Vaxigrip influenza vaccine 2004--2005 was purchased from Canada Drug Delivery (Nanaimo BC, Canada). The purity of rHA was measured on SDS--polyacrylamide gels stained with Coomassie blue using scanning laser densitometry (model 710, Bio-Rad, Hercules, CA, USA) and peak integration analysis. The total amino acid analysis was carried out with a Beckman amino acid analyzer at Keck Facility of Yale University. The N-terminal amino acid sequence analysis was executed at the Protein Core Facility of Columbia University. The molecular size of the purified rHA was analyzed on a size-exclusion columns (TSK-4000, 7.5 × 300 mm, TosaHaas, Japan) at a constant flow rate of 0.8 ml/min, using the protein molecular weight markers as the reference (Sigma, St. Louis, USA) as previously described [@bib28]. Elution buffer: 50 mM sodium phosphate, 50 mM NaCl and 0.001% NaN~3~. A trypsin resistance assay was carried out by incubating rHA for 30 min at 0 °C without or with 50 μg/ml TPCK-treated trypsin as described by Copeland et al. [@bib29]. For this assay, the denatured HA was produced by boiling rHA for 5 min. Hemagglutination activity assays were done essentially as described by Barrett and Inglis [@bib30] with a 0.5% solution of fresh chicken red blood cells in a U-bottom 96-well microtiter plate.

3. Results
==========

3.1. Monitoring the expression of rHA in insect cell
----------------------------------------------------

A critical issue in production of a therapeutic protein using recombinant DNA technology is determining when to harvest the fermentation [@bib31], [@bib32]. Too early, the yield may be suboptimal. Too late, the expressed protein may be degraded by a variety of proteases released during the lytic process of infected cells. Thus, a rapid and sensitive assay is needed to monitor protein expression and to choose the right harvest time. HA is well known for its ability to bind the sialic acid on the surfaces of red blood cells (RBCs) and agglutinate these cells [@bib30]. This phenomenon has been successfully used to detect cells and tissues infected with influenza viruses. To determine whether the insect cells infected with the recombinant baculoviruses containing the HA gene can also agglutinate RBCs, both uninfected and infected insect cells were incubated with RBCs for 10 min and observed under a microscope. In the uninfected insect cell sample, the RBCs (the smaller cells) were scattered around on the slide, and no specific binding of RBCs to the insect cells (the larger cells, about 16 μm in diameter) was observed as shown in [Fig. 1](#fig1){ref-type="fig"}a. On the other hand, most of RBCs were bound to the insect cells infected with baculovirus containing the HA gene derived from influenza strain A/New Caledonia/20/99 (H1N1) ([Fig. 1](#fig1){ref-type="fig"}b). This method also works for expression of the HAs derived from other strains such as B/Jiangsu/10/2003 ([Fig. 1](#fig1){ref-type="fig"}c) and A/New York/55/2004 (H3N2) (data not shown). To verify that the observed hemadsorption is due to the HA genes and not to the other genes in the baculovirus, insect cells infected with recombinant baculovirus containing a non-HA gene were also incubated with RBCs. No binding of RBCs on insect cells was observed ([Fig. 1](#fig1){ref-type="fig"}d). These observations clearly demonstrate that RBC\'s binding to the surface of insect cells is HA expression dependent, not infection dependent. The data also support the conclusion that the HAs expressed in insect cells are properly folded and biologically active.Fig. 1Monitoring rHA expression with hemadsorption. (a) Uninfected insect cells. (b) The insect cells infected with the baculovirus containing the HA gene from the A/New Caledonia/20/99 (H1N1) influenza virus. (c) The insect cells infected with the baculovirus containing the HA gene from the B/Jiangsu/10/2003 influenza virus. (d) The insect cells infected with the baculovirus containing a non-HA gene.

This hemadsorption assay was further optimized to monitor the expression of HA during fermentation. Even though the infection of insect cells can be seen by observing morphological changes as early as 6 hours post infection (HPI), the first binding of RBCs to insect cells was only observed around 23 HPI---about 20% of insect cells were bound by three to eight RBCs. Almost all insect cells were infected at 23 HPI according to cell morphology. The binding reached its peak around 45--55 HPI, when 70--80% of insect cells were bound by 8--20 RBCs (in some fermentations, almost all insect cells were bound by RBCs during this time), as shown in [Table 1](#tbl1){ref-type="table"} . At the peak of hemadsorption, clusters of 20--200 insect cells agglutinated by RBCs have also been observed. Later, the binding gradually reduces to 30--40% of insect cells, most likely caused by the breakdown of some infected cells and the loss of cell membrane, as evidenced by the rapid decrease of cell viability. To determine the rHA levels in the fermentation at each sampling time, the single radial immunodiffusion (SRID) assay has been used, since it is a simple, reproducible technique, and relatively unaffected by other proteins in the crude extract [@bib25], [@bib26]. Consistently, the RBC binding to insect cells correlated well with the HA levels determined by SRID. Late HA expression is expected because the HA gene is regulated by the polyhedrin promoter, which is a late stage promoter in baculovirus infection. Similar results were also obtained for the expression of other HAs such as B/Jiangsu/10/2003 and A/New York/55/2004 (data not shown).Table 1Possible correlation among HPI, hemadsorption, cell viability and HA yield[a](#tbl1fn1){ref-type="table-fn"}HPI%BindingViabilityHA (mg/L)0092.906092.90232087.64303088.27466574.718508052.420547050.120704021.811753016.111[^1]

3.2. Designing and optimizing rHA purification process
------------------------------------------------------

A major challenge in the biotechnology industry is purification of biologically active recombinant proteins [@bib33], [@bib34]. An ideal purification process should be mild, efficient and capable of achieving high purity in a short period of time. Accordingly, each purification step has been carefully designed to optimize the whole process. As demonstrated in the hemadsorption studies, rHAs are expressed, folded and transported to the cell membrane at a late stage. To extract rHA from the cell membranes, several non-ionic detergents at various concentrations were tested for their efficiency. The best result was obtained using 1% Tergitol NP-9. To get a relatively clean extraction, a magnetic stirrer was used to avoid the disruption of cell nuclei and other organelles. The extract was clarified by centrifugation to remove cell nuclei and other debris.

The HA monomer of A/New Caledonia/20/99 influenza virus strain consists of 547 amino acids with a theoretical molecular weight of 63,156.43 and a p*I* of 6.30. Therefore, this rHA can be bound on a cation-exchange media like SP using a lower pH buffer and eluted with a higher pH buffer to achieve the primary purification and concentration. The supernatant of the extract was loaded on UNO Sphere Q/SP columns in tandem. The anion-exchange Q column acts as a scavenger by binding the negative-charged impurities that may foul the SP column. After loading and washing, the columns were detached and eluted separately. As shown in the chromatogram ([Fig. 2](#fig2){ref-type="fig"}a), about 50% of the proteins flow through Q/SP columns, a small amount of protein elutes from the SP with the pH 7 buffer and the rest bind tightly to either the SP or the Q column. As shown on the SDS--PAGE ([Fig. 2](#fig2){ref-type="fig"}b), the rHA captured on the SP at pH 6 was selectively eluted by a shift to pH 7. The pH shift resulted in a 14-fold increase in purity based on densitometry of the SDS--PAGE gel.Fig. 2The purification process of rHA. (a) The chromatogram of primary purification and concentration on Q/SP columns. (b) The SDS--PAGE of Q/SP fractions, lanes 1--6 are molecular weight markers, applied sample, flow through, wash, pH 7 (buffer B) eluate, and buffer C eluate, respectively. (c) The SDS--PAGE of secondary purification on HX-I, lanes 1--6 are molecular weight markers, applied sample, flow through, wash, 40 mM phosphate eluate, and 100 mM phosphate eluate, respectively. (d) The SDS--PAGE of step-wise purification, lanes 1--5 are molecular weight markers, Q/SP applied sample, HA after the primary purification, HA after the secondary purification, HA after the final polish using ultrafiltration.

To further purify rHA, use of hydroxyapatite type I (HX-I) media was explored. The binding preference of HX-I media is significantly different from the ion-exchange media, and yet the binding and eluting conditions are relatively mild so as to preserve the biological activity of the target protein [@bib35], [@bib36]. Thus, the pH 7 SP column eluate was loaded on a HX-I column. After washing, rHA was eluted from the column with increased phosphate concentration. As shown in [Fig. 2](#fig2){ref-type="fig"}c, most rHA was eluted in 40 mM phosphate, and there was a small loss in the wash and in the 100 mM phosphate elution. The purity was increased from 52% to 91% according to the densitometry of the SDS--PAGE.

However, there was still a protein contaminant of about 36 kDa in the preparation as revealed on lane 5 of [Fig. 2](#fig2){ref-type="fig"}c. Since the size of rHA trimer is around 210 kDa, the difference between rHA size and this impurity could be explored to remove this impurity. Thus, the 40 mM phosphate eluate was further purified with ultrafiltration using a stir cell (100 kDa MWCO). As demonstrated in [Fig. 2](#fig2){ref-type="fig"}d, the 36 kDa band (lane 5) was selectively removed from the retentate. The purified rHA migrated on SDS--PAGE gel as a single polypeptide (rHA) with an apparent molecular weight of approximately 70 kDa. On the blot, a small amount of rHA1 and rHA2 (the cleavage products of rHA) were also observed, with apparent molecular weights of ≈50 and ≈28 kDa, respectively (data not shown). Trace amounts of rHA dimers and trimers were also detectable, with apparent molecular weights of ≈140 and ≈220 kDa, respectively.

As summarized in [Table 2](#tbl2){ref-type="table"} , the process described here can purify rHA from the fermentation to 95% purity within 6 h with a 57% overall yield. The largest single step loss (27%) is on HX-1 column.Table 2Stepwise mass balance of HA-NC purification by SRID assayHA (μg/ml)Volume (ml)HA (mg)Purity[a](#tbl2fn1){ref-type="table-fn"} (%)Step recovery (%)Total recovery (%)Starting material53225123.6Q/SP240409.6528080HX-1280257.0917358Ultrafiltration7009.16.4999153[^2]

3.3. Characterizing rHA protein
-------------------------------

To confirm the authenticity of rHA, the purified protein was examined by N-terminal amino acid sequencing and total amino acid analysis (AAA). The N-terminal amino acid sequence matched the predicted one (10 cycles were used) and the signal sequence peptide (the first 17 amino acids) of the full-length HA gene was absent in rHA. The measured amino acid composition of the purified rHA was consistent with the theoretical one (data not shown). The authenticity of rHA was further verified by the Western blot using A/New Caledonia/20/99 antibody provided by the Food and Drug Administration (FDA).

The purified rHA in 0.005% Tween/PBS solution was analyzed using size-exclusion chromatography. It was eluted as a single peak at 9.1 min as shown in [Fig. 3](#fig3){ref-type="fig"}a, corresponding to a molecular weight around 800--1000 kDa, likely a complex of four to five HA trimers ((4--5) × 3 × 70 kDa). To test whether the purified rHA still retained its native structure, the purified protein was treated with trypsin on ice. As shown in the lane 3 of [Fig. 3](#fig3){ref-type="fig"}b, rHA was cleaved into only two bands, HA1-50.9 kDa and HA2-27.5 kDa. On the other hand, the heat-denatured rHA was digested into numerous small fragments. The trypsin-resistance data demonstrate that the rHA expressed in insect cells folded properly and retained its native structure after purification.Fig. 3Characterization of rHA. (a) The SEC profile of the purified rHA. (b) The trypsin-resistant test analyzed on SDS--PAGE, lanes 1--4 are molecular weight markers, native rHA, native rHA treated with trypsin, and heat-denatured rHA treated with trypsin, respectively. (c) Deglycosylation of rHA with PNGase F and Endo H, lanes 1--6 are molecular weight markers, rHA, PNGase F, rHA treated with PNGase F, Endo H, and rHA treated with Endo H, respectively. (d) Limited deglycosylation of rHA with PNGase F. Lane 1, molecular weight markers; lane 2, rHA; lane 3, trypsin treated rHA; lanes 4--8, the trypsin treated rHAs were deglycosylated with 2 units of PNGase F on ice, at 25 °C or at 37 °C for 2--60 min; lanes 9--11, deglycosylated with 20 units of PNGase F; lane 12, deglycosylated with 200 units of PNGase F. (e) Limited deglycosylation of rHA with Endo H. Lane 1, molecular weight markers; lane 2, rHA; lane 3, trypsin treated rHA; lanes 4--8, the trypsin treated rHAs were deglycosylated with 2 units of Endo H on ice, at 25 °C or at 37 °C for 2--60 min; lanes 9--12, deglycosylated with 20 units of Endo H; lane 13, deglycosylated with 200 units of Endo H.

Since glycosylation may play an important role in the biological function of HA [@bib37], [@bib38], [@bib39], it is of interest to explore whether the rHA produced in insect cells is properly glycosylated. Thus, rHA was deglycosylated with peptide-*N*-glycosidase F (PNGase F) or endoglycosidase H (Endo H) and resolved on SDS--PAGE. As shown in [Fig. 3](#fig3){ref-type="fig"}c, the untreated HA migrated at 70.4 kDa, PNGase F deglycosylated HA at 57.9 kDa, and Endo H treated HA at 64.8 kDa, respectively. These data indicate that the rHA produced in insect cells is indeed glycosylated with N-linked oligosaccharide side chains. About 5.6 kDa of oligosaccharide chains have high mannose content susceptible to Endo H, and 6.9 kDa of oligosaccharide chains have low mannose residues resistant to Endo H. To assess the number of N-linked oligosaccharide chains, the trypsin treated rHA was subjected to limited deglycosylation with PNGase F or Endo H under a variety of conditions. On the SDS--PAGE of PNGase F treated samples ([Fig. 3](#fig3){ref-type="fig"}d), there are seven distinguishable HA1 bands, 50.9, 49.0, 46.8, 45.2, 43.3, 42.0 and 39.8 kDa, and 2 HA2 bands, 27.1 and 25.4 kDa, respectively. On the SDS--PAGE of Endo H treated samples ([Fig. 3](#fig3){ref-type="fig"}e), there are three distinguishable HA1 bands, 51.2, 49.4 and 46.5 kDa, and one HA2 band, 27.1 kDa. The data suggest that there are six N-linked oligosaccharide chains in the HA1 region, and two of them have high mannose content. There is only one N-linked oligosaccharide chain in the HA2 region, which is likely a hybrid or a complex oligosaccharide. Consistently, there are six predicted N-linked glycosylation sites in the HA1 region and one predicted N-linked glycosylation site in the HA2 region of HA/A/New Caledonia/20/99, according to the sequence analysis (NetNGlyc) at Technical University of Denmark (<http://www.cbs.dtu.dk/services/NetNGlyc/>).

To directly compare with the A/New Caledonia antigen present in the egg-based vaccine, the purified rHA/A/New Caledonia was formulated either alone into a 15 μg/0.5 ml solution or with 15 μg rHA/B/Jiangsu and 45 μg rHA/A/Wyoming in a 0.5 ml dosage (FluBlØk™, the expected trade name of Protein Sciences' rHA vaccine). As judged by the hemagglutination assay, FluBlØk is as active as Vaxigrip (a licensed egg-based vaccine manufactured by Sanofi-Pasteur-Aventis) in agglutinating RBCs and preventing them from forming a tight pellet as shown in [Fig. 4](#fig4){ref-type="fig"}a. Antigen specific SRID assay is widely used to determine the concentration of active ingredients in a vaccine. On the SRID gel prepared with A/New Caledonia/20/99 antibody ([Fig. 4](#fig4){ref-type="fig"}b), the diffusion ring of FluBlØk is slightly larger than that of Vaxigrip, suggesting that FluBlØk is equivalent to Vaxigrip for the active ingredient of A/New Caledonia/20/99 strain. On the SDS--PAGE ([Fig. 4](#fig4){ref-type="fig"}c), the FluBlØk lane is clean, and only three broad bands are visible, representing the HA, HA1 and HA2 of the three strains, respectively. The Vaxigrip lane is complicated with the major HA band around 59 kDa along with many minor bands. Similarly, numerous impurities have also been found in other egg-based vaccines [@bib40].Fig. 4The comparison of FluBlØk with Vaxigrip. (a) The hemagglutination activities of 1.0 μg/ml rHA or equivalent amount from the vaccines. Row A, PBS as negative control; Row B, rHA; Row C, Vaxigrip; Row D, FluBlØk. (b) The evaluation of the effective antigen concentration with SRID assay. (c) The SDS--PAGE of the vaccines. Lane 1, molecular weight markers; lane 2, FluBlØk; lane 3, Vaxigrip.

All these data demonstrate that the purified rHA expressed in insect cells is correctly translated, properly glycosylated and folded and biologically active.

4. Discussion
=============

The traditional egg-based vaccines have been successfully used for more than 50 years to prevent influenza. They are reliable, effective (if there is a good match), and affordable. However, the production cycle of the egg-based vaccines is lengthy and heavily dependent on egg supply and unable to be developed quickly in response to the urgent need in an influenza pandemic [@bib9], [@bib10], [@bib11], [@bib12]. To replace or supplement the egg-based vaccines, the new vaccine has to be equally effective, reliable, economical, and capable of being developed and delivered in a short period of time. The work reported here is some important progress toward an alternative influenza vaccine-the recombinant protein-based vaccine.

A new analytical method based on hemadsorption has been developed to closely monitor the expression of HA in insect cells. This method plays a critical role in ensuring optimal HA production and in determining the right harvest time, in addition to other harvest parameters such as HPI, cell\'s morphology and viability. It has also been successfully used at Protein Sciences Corporation to accelerate the screening process for the recombinant baculoviruses used for HA manufacturing.

A purification process has been developed to quickly purify the recombinant HA from the bulk harvested from the bioreactor while retaining its biological activity. Previously, HA purifications were heavily dependent on affinity chromatography using specific monoclonal antibodies or various lectins [@bib41], [@bib42]. Such methods are highly selective, but difficult to scale up to commercial levels due to a number of limiting factors: (1) some of the ligands will leach off the column during the purification and they must be removed from the final product; (2) it is difficult to regenerate an affinity column after use, and thus the performance declines after each use; (3) the batch to batch variations in the quality of affinity media make it almost impossible to have a robust purification process from time to time; (4) most affinity media are too expensive to be used at large scale. On the other hand, all chromatographic media used in the present process are chemically stable (can be regenerated repeatedly), commercially available and relatively inexpensive; thus more suitable to scale up in a GMP facility. If the reagents, columns and ancillary equipment are well prepared in advance, the whole purification can be completed in one full working day, avoiding the overnight storage of intermediate rHA preparation and possible inactivation of rHA. Several factors have made this rapid process possible. First, there is no sample manipulation between purification steps, which makes a quick, continuous purification process possible. Second, Q/SP is connected in tandem, combining two chromatographic processes into one. Third, a chemically different chromatographic media---HX-I is used to differentiate rHA from the remaining impurities. Unlike ion-exchange media, the adsorption of proteins to HX-I involves both anionic and cationic interaction. The calcium group can interact with carboxylate residues, whereas the phosphate group can bind the basic residues on the surface of the protein. The bound proteins can be eluted by an increasing phosphate gradient or a gradient of calcium, magnesium ions. It is worth to point out that the purification process described here needs to be further optimized for large-scale production, for example, a tangential flow filter should be used to replace a stir cell at the polish step. Nonetheless, we believe the strategies described here can also be used to develop a rapid purification process for other recombinant proteins.

Biologically, FluBlØk is as active as the egg-based vaccine---Vaxigrip as determined by the hemagglutination assay. Based on the SRID assay, FluBlØk is equivalent to Vaxigrip for the active ingredient of A/New Caledonia/20/99 strain of influenza. In challenge studies, chickens were effectively protected against the H5N1 virus infection after inoculation with the rHA of the virus [@bib43]. Moreover, two distantly related H1N1 rHA influenza vaccines using the baculovirus-insect cell expression system have also been demonstrated to partially protect mice against the lethal challenge of a recombinant 1918 pandemic influenza virus [@bib24]. In clinical trials, the trivalent rHA vaccine (FluBlØk) stimulates anti-HA antibody production at least as well as, and in the case of H3 rHA, superior to the traditional egg-based vaccine [@bib19], [@bib20], [@bib21], [@bib22], [@bib23]. The 2004/05 influenza season Phase IIB field trial of FluBlØk that enrolled 460 healthy subjects aged 18--49 further showed that the 45/45/45 dose was 100% efficacious in preventing culture positive influenza illness compared to placebo (Press Release, Protein Sciences Corp., June 14, 2005).

Furthermore, a recombinant protein-based vaccine, such as the FluBlØk described here, also has other advantages over the traditional egg-based vaccines. It consists solely of three antigens (proteins) stored in sterile phosphate buffered-saline and without preservatives such as thimerosal (a mercury derivative currently used in the egg-based vaccine), antibiotics or adjuvants. Unlike the egg-based vaccines, no live influenza viruses, biocontainment facilities or harsh chemicals such as formaldehyde are used in manufacturing. This may explain why FluBlØk has shown lower side effects than the licensed vaccines in clinical trials [@bib19], [@bib20], [@bib21], [@bib22], [@bib23]. Therefore, a reliable, effective, and affordable recombinant protein-based influenza vaccine can be and should be developed to meet the challenge of a potential influenza pandemic. For pandemic preparedness, developing and stockpiling rHA influenza vaccines against the present H5N1 strain may be a good option to provide some protection for the first response personnel and the population in the hard-hit areas in the case of a pandemic, and to win the precious time for manufacturing of a more specific influenza vaccine.

[^1]: HA yield was determined by SRID assay. The MOI of the virus stock was 1 for the experiment.

[^2]: Purity was determined by the densitometry of SDS--PAGE.
